All relevant data are within the paper.

Introduction {#sec001}
============

The lipid metabolism in laying birds plays an important role in egg formation since most of the yolk precursors are synthesized in the liver and transported to the follicle in the form of very low density lipoprotein (VLDL). The continuous egg production can overload the metabolism, causing disturbances that block the transport of VLDL, thus accumulating triglycerides in the liver \[[@pone.0189619.ref001],[@pone.0189619.ref002]\].

The intense metabolism related to continuous egg production may also be related to the higher production of reactive oxygen species (ROS) \[[@pone.0189619.ref003]\]. These ROS act by damaging the cellular components of tissues, mainly in the liver, causing cell death and the loss of liver function, leading to bleeding and serious infections \[[@pone.0189619.ref001], [@pone.0189619.ref004]--[@pone.0189619.ref005]\]. According to Nadia et al. \[[@pone.0189619.ref006]\], the action of free radicals can decrease the fertility of the birds if the tissues have no efficient antioxidant mechanisms in the reproductive system. Thus, one alternative is supplementation with compounds that enhance the body\'s antioxidant defense, such as those found in medicinal herbs.

Some herbs have been studied as potential antioxidants because they have the ability to combat ROS. An example of this is cinnamon (*Cinnamomum zeylanicum L*.), an arboreal plant of Asian origin, which belongs to the family of lauraceae, and is widely used in the food and cosmetics industry. Cinnamon has vitamins and minerals antioxidants in its chemical composition in addition to essential oil component \[[@pone.0189619.ref007]\]. According to Sivapriya \[[@pone.0189619.ref008]\], the essential oil component contains cinnamaldehyde as a major constituent with its derivatives cinnamic acid, cinnamyl alcohol, ethyl cinnamate, cinnamyl acetate and 2-methoxy cinnamaldehyde. The oil component also contains eugenol, linalool, coumarin, carvone, carvacrol and β-caryophyllene. Cinnamon bark contains procyanidins and catechins that also possess antioxidant activities \[[@pone.0189619.ref009]\].

Phenolic compounds such as eugenol have been shown as efficient at combating free radicals (ROS) because of their powerful antioxidant activity and radical-scavenging activity; the chemical structure of eugenol determines its antioxidant activity, providing a substrate for reaction with free radicals, and inhibiting lipid peroxidation \[[@pone.0189619.ref010]\]. In addition, eugenol may also influence the enzyme activity of the glutathione system, which is considered one of the main antioxidant defense systems \[[@pone.0189619.ref011]\].

Studies have shown the potential of cinnamon supplementation on some important characteristics in the performance of birds. Şimşek \[[@pone.0189619.ref012]\] observed that cinnamon oil exhibited significant antioxidant activity in Japanese quail, mainly under thermal stress conditions; the author related this result to the high content of phenolic compounds present in cinnamon. Asides cinnamon oil, supplementation with cinnamon powder can also increase meet quality related to the antioxidant activity \[[@pone.0189619.ref013]\].

Despite the available information, studies showing the action of cinnamon powder on the performance of laying hens are scarce, so this study was developed under the hypothesis that the inclusion of powdered cinnamon in a laying quail diet could influence the performance of birds through the expression of genes related to antioxidant activity and to lipid metabolism. To test this hypothesis, the objective of this study was to evaluate the productive performance, blood parameters, antioxidant activity in the hepatic tissue, oxidative stress markers, and the expression of acetyl-CoA carboxylase (*ACC*), fatty acid synthase (*FAS*), apolipoprotein AI (*APOA-I*), apolipoprotein B (*APOB*), superoxide dismutase (*SOD*) and glutathione peroxidase 7 (*GPx7*) in the liver of Japanese quails fed diets supplemented with cinnamon powder or without cinnamon supplementation.

Materials and methods {#sec002}
=====================

This experiment was approved by the animal production research ethics committee of the Federal University of Sergipe (Protocol N^o.^ 09/2015).

Animals and experimental design {#sec003}
-------------------------------

One hundred forty-four Japanese quail (*Coturnix japonica*) obtained from a commercial hatchery (VICAMI, Assis, São Paulo, Brazil) were used in this experiment. The quails aged 15 weeks and with an average weight of 133g were housed in a masonry shed, uniformly distributed in laying cages (0.50 x 0.15 x 0.35 m).

For the standardization of egg production, a daily monitoring of the production was performed for a period of three weeks. The experiment was then started when the experimental units presented a posture rate of about 85% and 18 weeks of age. The birds were distributed in a completely randomized design with two treatments: no cinnamon supplementation (NCS---control group) and with cinnamon powder supplementation of 9g/kg (CPS) to replace the inert filler (Kaolin). Each treatment consisted of six replicates with 12 birds each, totaling 72 quails per treatment. The supplementation level was chosen according to the results of literature reference \[[@pone.0189619.ref014]\].

The experimental diets ([Table 1](#pone.0189619.t001){ref-type="table"}) were formulated based on corn and soybean meal according to the nutritional recommendations found in the Brazilian Tables for Poultry and Swine \[[@pone.0189619.ref015]\]. The experiment lasted for 84 days. To avoid damages in the diets during the experimental period, the diets were prepared every 15 days. The birds received water and feed *ad libitum* and a 16-hour daily light program was used.

10.1371/journal.pone.0189619.t001

###### Percent composition and nutritional values of basal diet.

![](pone.0189619.t001){#pone.0189619.t001g}

  Diet                                                                (%)
  ------------------------------------------------------------------- ---------
  Corn                                                                57.792
  Soybean meal 45%                                                    30.450
  Soy oil                                                             1.561
  Dicalcium phosphate                                                 1.091
  Limestone                                                           6.802
  Salt                                                                0.323
  L-Lysine HCl                                                        0.261
  DL-Methionine                                                       0.396
  L-Threonine                                                         0.024
  Vitamin and mineral mixture[^1^](#t001fn001){ref-type="table-fn"}   0.100
  Kaolin (Inert filler)                                               1.200
  Total                                                               100.000
  **Nutritional composition**                                         
  Metabolizable energy (kcal/kg)                                      2807
  Crude protein (%)                                                   18.80
  Fat (%)                                                             4.101
  Calcium (%)                                                         2.922
  Available phosphorus (%)                                            0.304
  Sodim (%)                                                           0.146
  Chlorine (%)                                                        0.242
  Potassium (%)                                                       0.725
  **Digestible amino acids** (%)                                      
  Methionine                                                          0.642
  Methionine + Cysteine                                               0.900
  Lysine                                                              1.097
  Threonine                                                           0.658
  Tryptophan                                                          0.206

^1^Vitamin and mineral misture (guaranteed levels per kg of product): Ac. Folic (min.) 200mg; ac. pantothenic (min.) 5.350 mg; copper (mín.) 4.000 mg; iron (mín) 20 g; iodine (mín.) 1.500 mg; manganese (mín.) 75 g; niacin (mín.) 19,9 g; selenium (mín.) 250 mg; Vit. A (mín.) 8.000.000 IU; Vit. B12 (mín.) 10.000 mcg; Vit. B2 (mín.) 4.000 mg; Vit. B6 (mín.) 1.000 mg; Vit. D3 (mín) 2.000.000 IU; Vit. E (mín.) 15.000 IU; Vit. K3 (mín.) 2.000 mg; zinc (mín.) 50 g.

Eggs production {#sec004}
---------------

The eggs were collected daily, stored in boxes identified by experimental unit, counted and weighed. All broken eggs and those without shells were also counted. Weekly, to record the feed consumption, the amount of feed provided in a seven-day period was weighed, as was the remaining diet at the end of each week.

After the daily collection, all the eggs were weighed in a digital balance (0.01 g) and the average weight was obtained by dividing the egg weight of each cage by the number of eggs. Data for egg mass (g/bird/day) were obtained by multiplying the number of eggs produced in each cage by the average egg weight. The feed conversion by egg mass (g/bird/day) was calculated by dividing feed intake (g) by the mass of eggs (g) produced during the experimental period.

At the end of the experimental period, six eggs with an average weight of the replicate were separated for the following analyses: yolk weight (g), shell weight (g), and albumen weight (g). Using these data, the percentages of yolk, shell and albumen were calculated.

The shells, which were numbered, were placed at room temperature for a 24 hours to dry. After drying, they were weighed.

From the values of egg weight, yolk weight and shell weight, the weight of the albumen was determined and the percentages of each part of the egg were calculated.

Relative weights and blood parameters {#sec005}
-------------------------------------

At the end of the proposed experimental period of 84 days, six animals from each treatment were weighed and euthanized by cervical dislocation. These animals were eviscerated to evaluate the relative weights of the organs. Weights of the liver, pancreas, intestine, ovary, gizzard, and abdominal fat were measured, along with intestine length. The relative weight was calculated as (organ weight/bird weight) x100.

To perform the enzymatic activity analysis of creatine kinase (CK), aspartate aminotransferase (AST), and alanine aminotransferase (ALT), and the content of total cholesterol, creatinine, glucose, triglycerides, uric acid and very low density lipoprotein (VLDL), blood samples were collected from six birds per treatment, collected from the jugular vein, in collector tubes with EDTA and kept on ice. The blood samples were centrifuged (1500 x g, 10 min, 4°C), and the plasma was collected and stored at -20°C until analysis.

The creatinine, glucose, triglycerides, uric acid, cholesterol, and VLDL contents, as well as the ALT, AST and CK activity analyses, were performed according to colorimetric methods with the following kits: CREATININE-PP-MS 80022230066, GLUCOSE- PP-MS 80022230067, TRIGLYCERIDES-PP-MS 80022230062, URIC ACID-PP-MS 80022230065, CHOLESTEROL HDL-PP-MS 800222300068, ALT-MS 80022230086, AST-MS80022230083 and CK-NAC-PP-MS 80022230088, respectively, according to the manufacturer\'s recommendations (Gold Analisa, Belo Horizonte, Minas Gerais, Brazil).

Catalase activity and TBARS {#sec006}
---------------------------

For the biochemical evaluations, part of the liver of five animals from each treatment was collected and stored in liquid nitrogen until the analysis.

The determination of TBARS concentration was based on the ability of thiobarbituric acid to bind to oxidized lipids. For this, 100mg of the tissue was weighed and 1ml of phosphate buffer was added (0.1M, pH 7.4). The homogenate was centrifuged at 4°C for 10 minutes at 10,000 x g. Then, 500μl of the supernatant was collected and 250μl of 28% TCA diluted in 0.25N HCl, 250μl of 1% thiobarbituric acid diluted in acetic acid (1:1) and 125μl of 5mM BHT (butylated hydroxy toluene) was added. The solution was homogenized and heated in a water bath for 15 minutes at 95°C. It was then centrifuged at 4°C for 10 minutes at 10,000 x g. Then, the supernatant was analyzed in a spectrophotometer at 535 nm. The concentration of TBARS was determined using the molar extinction coefficient ε = 1.56 x 10^5^ L.mol^-1^.cm ^-1^, according to Lambert Beer\'s law. Usually this concentration is represented in nmoles per mg of protein.

The analysis of catalase activity was based on the ability of the CAT enzyme present in the samples to convert hydrogen peroxide (H~2~O~2~) to water and molecular oxygen, as described by Aebi \[[@pone.0189619.ref016]\]. For this, 100mg of the tissue was weighed and added to 1ml of phosphate buffer (0.1M, pH 7.2). The homogenate was centrifuged at 4°C for 10 minutes at 10,000 x g. In a clean tube, 50μL of phosphate buffer (pH 7.2) and 40μL of distilled water were added. This mixture was kept in a water bath at 30°C for one minute, and then 10μL of the sample supernatant and 900μL of H~2~O~2~ (10mM) were added, before the solution was homogenized. The absorbance was then measured in a spectrophotometer at 240 nm, after being blanked with H~2~O~2~ (10 mM); these measurements were read every minute for 5 minutes. It is known that 1U of catalase is able to hydrolyze 1μmol of H~2~O~2~ per minute (ε = 39.4 L.mol^-1^cm^-1^). The absorbance used in this expression was the delta obtained from the five absorbance values read (final absorbance---initial absorbance/4).

To adjust the enzymatic catalase assays and TBARS content, the quantification of total proteins was performed by the Bradford method \[[@pone.0189619.ref017]\].

Gene expression {#sec007}
---------------

For the gene expression analysis (bird was the experimental unit, n = 4), liver samples were collected and stored in RNA Holder (BioAgency Biotecnologia, São Paulo, Brasil) at -20°C until total RNA was extracted.

Total RNA was extracted using Trizol® (Invitrogen, Carlsbad CA, USA) according to the manufacturer's instructions (1 mL per 100 mg of tissue). All of the materials used were pre-treated with the RNase inhibitor RNase AWAY® (Invitrogen, Carlsbad, CA, USA). The total RNA concentration was measured using a spectrophotometer at a wavelength of 260 nm. RNA integrity was analyzed by 1% agarose gel electrophoresis and 10% ethidium bromide staining, and visualized under ultraviolet light. The RNA samples were treated with DNase I (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions to remove potential genomic DNA contamination.

A SuperScript^TM^ III First-Strand Synthesis Super Mix (Invitrogen Corporation, Brasil) kit was used for cDNA synthesis from 1 μg of DNase-treated total RNA, according to the manufacturer's instructions. The cDNA concentration was measured using a spectrophotometer at a wavelength of 260 nm. The cDNA samples were diluted to 40 ng/μL and stored at -20°C until further use as a template in the amplification reaction. Real-time PCR reactions were performed using the fluorescent dye SYBR GREEN (SYBR® GREEN PCR Master Mix, Applied Biosystems, USA). The amplification reaction consisted of 5 μL of diluted cDNA, 0.5 μL of each primer (forward and reverse) at 10 μM (final concentration: 200 nM), 12.5 μL of SYBR® GREEN PCR Master Mix, and water to a total volume of 25 μL. To measure the efficiency of each primer/gene set, a series of 25 μL reactions was analyzed as described above using 5 μL of a serial dilution of pooled cDNA as the template. The thermal cycling parameters for all genes were as follows: hot-start at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min, and ending with a melt curve from 65--95°C.

The primers used for Acetyl-CoA Carboxylase (*ACC*) and fatty acid synthase (*FAS*) were designed according to Lei and Lixian \[[@pone.0189619.ref018]\]; primers used for apolipoprotein A-I (*APOAI)* and apolipoprotein B (*APOB*) were designed according to Jiang et al. \[[@pone.0189619.ref019]\], and primers used for the superoxide dismutase (*SOD*), glutathione peroxidase 7 (*GPx7*), and estrogen receptor 2 (*ESR2)* reactions were designed based on the gene sequences deposited at [www.ncbi.nlm.nih.gov](http://www.ncbi.nlm.nih.gov/) (accession numbers, NM_205064.1, NM_001163245.1 e XM_015865463.1, respectively) using the site [www.idtdna.com](http://www.idtdna.com/). Two endogenous controls, *ß-actin* and *GAPDH*, were tested, and *ß-actin* (accession number L08165) was selected because its amplification efficiency was higher and similar to the amplification efficiency of the target genes ([Table 2](#pone.0189619.t002){ref-type="table"}). All of the analyses were performed in duplicate.

10.1371/journal.pone.0189619.t002

###### Primers for qRT-PCR.

![](pone.0189619.t002){#pone.0189619.t002g}

  ----------------------------------------------------------------------------------------------------------------------------------------------
  Genes                                           Amplicon (Bp)   TA (°C)   Sequences of primers (5'-3')[^1^](#t002fn001){ref-type="table-fn"}
  ----------------------------------------------- --------------- --------- --------------------------------------------------------------------
  *ACC*[^*2*^](#t002fn002){ref-type="table-fn"}   136             60        `AATGGCAGCTTTGGAGGTGT TCTGTTTGGGTGGGAGGTG`

  *FAZ*                                           107             60        `CTATCGACACAGCCTGCTCCT CAGAATGTTGACCCCTCCTACC`

  *APOA-I*                                        217             60        `GTGACCCTCGCTGTGCTCTT CACTCAGCGTGTCCAGGTTGT`

  *APOB*                                          196             60        `GACTTGGTTACACGCCTCA TAACTTGCCTGTTATGCTC`

  *ß-actina*                                      136             60        `ACCCCAAAGCCAACAGA CCAGAGTCCATCACAATACC`

  *SOD*                                           126             60        `TGGACCTCGTTTAGCTTGTG`\
                                                                            `ACACGGAAGAGCAAGTACAG`

  *GPx7*                                          140             60        `TTGTAAACATCAGGGGCAAA TGGGCCAAGATCTTTCTGTAA`
  ----------------------------------------------------------------------------------------------------------------------------------------------

^1^Bp, base pairs; TA, temperature of anelamento

^2^*ACC*, Acetyl-CoA-carboxylase; *FAS*, Fatty acid synthase; *APOA-I*, Apolipoprotein A-I; *APOB*, Apolipoprotein B; *SOD*, Superoxide dismutase; *GPX7*, Glutathione peroxidase 7.

The amplification efficiencies (90% to 110%) were similar for the genes of interest ([Table 2](#pone.0189619.t002){ref-type="table"}). Analysis of the dissociation curves did not reveal any non-specific PCR products, such as the formation of primer dimers, thus demonstrating the reliability of the data for estimating the mRNA expression of the evaluated genes. The endogenous control, *β-actin*, did not show any significant differences between treatments, which confirmed its suitability as a control.

Statistical analysis {#sec008}
--------------------

The Shapiro-Wilk test was used to verify the normality of the expression data of the genes under study (expressed as 2-^ΔCt^) and the other data evaluated. Student's t test was used to determine significant differences (P \< 0.05) between the treatments (SAS Inst. Inc., Cary, NC, USA). The results are presented as means and standard errors.

Results {#sec009}
=======

To better understand the cinnamon effect on the performance of quails in the posture phase, we measured the relative weight of intern organs, egg production parameters and blood parameter related to the lipid metabolism. We also measured the expression of genes related to the antioxidant activity, and oxidative stress markers to evaluate the cinnamon effect on the antioxidant capacity.

Egg production {#sec010}
--------------

For the egg production characteristics evaluated, a significant difference in feed conversion was observed by egg mass (P = 0.0126); the birds of the CPS treatment presented a lower FC/MASS value (2.426 g/g) than those of the control group (2.493 g/g). There was no effect of the treatments on the other evaluated characteristics ([Table 3](#pone.0189619.t003){ref-type="table"}).

10.1371/journal.pone.0189619.t003

###### Characteristics related to the production of eggs of laying quail receiving diet no cinnamon supplementation (NCS) and with cinnamon powder supplementation (CPS).
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                       Average ± SE     *P*~*value*~     
  -------------------- ---------------- ---------------- ---------------------------------------------
  EW (g)               10.505 ± 0.090   10.583 ± 0.065   0.4996
  YOLK (%)             32.480 ± 1.445   31.426 ± 0.215   0.4876
  SHELL (%)            8.735 ± 0.132    8.858 ± 0.059    0.4141
  ALBUMEN (%)          59.160 ± 1.511   60.555 ± 0.232   0.3830
  POSTURE (%)          93.766 ± 1.340   95.435 ± 0.465   0.2670
  FI (g/bird/day)      24.941 ± 0.225   25.028 ± 0.436   0.8634
  EM (g)               9.971 ± 0.194    10.170 ± 0.095   0.3822
  FC/MASS (g/g)        2.493 ± 0.016    2.426 ± 0.014    0.0126[\*](#t003fn002){ref-type="table-fn"}
  FC/DOZEN (g/dozen)   3.836 ± 0.045    3.705 ± 0.044    0.0648

EW--Egg weight; YOLK--Percentage of yolk; SHELL---Percentage of shell; ALBUMEN--Percentage of albumen; POSTURE--Percentage of posture; FI--feed intake; EM--Egg mass; CA/MASSA--Feed conversion per mass of egg; FC/DOZEN--Feed conversion per dozen eggs; The results described in the table are presented as means with their standard errors (SE).

\*Significant by the Student's t test (P\<0.05).

Relative weight {#sec011}
---------------

We observed a significant effect of the inclusion of 9g/kg of powdered cinnamon in the diet for laying quails on the relative weight of the pancreas (*P* = 0.0418), intestine (*P* = 0.0209) and ovary (*P* = 0,0389) ([Table 4](#pone.0189619.t004){ref-type="table"}). Birds of the CPS treatment group presented a lower relative weight of pancreas and intestine and higher ovary relative weight than birds of the control treatment. No effect of diet on poultry weight, liver weight, gut length, gizzard weight and abdominal fat was observed.

10.1371/journal.pone.0189619.t004

###### Relative weight of organs and abdominal fat of laying quails receiving diet no cinnamon supplementation (NCS) and with cinnamon powder supplementation (CPS).
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                         Average ± EP        *P*~*value*~        
  ---------------------- ------------------- ------------------- ---------------------------------------------
  Bird weight (g)        172.000 ± 5.8310    174.000 ± 3.6740    0.7791
  Liver weight (%)       2.184 ± 0.308       1.982 ± 0.253       0.6262
  Pancreas weight (%)    0.242 ± 0.010       0.190 ± 0.019       0.0418[\*](#t004fn002){ref-type="table-fn"}
  Intestine weight (%)   3.653 **±** 0.256   2.849 **±** 0.113   0.0209[\*](#t004fn002){ref-type="table-fn"}
  Intestine lenght (%)   44.278 ± 1.963      42.350 ± 2.169      0.5285
  Ovary weight (%)       3.250 **±** 0.211   3.976 **±** 0.205   0.0389[\*](#t004fn002){ref-type="table-fn"}
  Gizzard weight (%)     2.488 ± 0.176       2.412 ± 0.094       0.7141
  Abdominal fat (%)      0.889 ± 0.165       1.178 ± 0.126       0.2033

The results described in the table are given by means with their standard errors (SE).

\*Significant by the Student's t test (P \<0.05).

Blood parameters {#sec012}
----------------

We observed a significant effect of treatments on CK plasma activity (P = 0.0169); Lower activity was observed in the birds of the treatment CPS. Animals from CPS treatment also had higher ALT activity (2.40U/L, *P* = 0.0497), and higher triglyceride content (1516.60 mg/dL, *P* = 0.0207), uric acid (7.40 mg/dL, *P* = 0.0003) and VLDL (300.40 mg/dL, *P* = 0.0252) than birds receiving the NCS treatment diet. No significant difference (*P*\>0.05) was observed for cholesterol, creatinine, glucose and AST levels, as described in [Table 5](#pone.0189619.t005){ref-type="table"}.

10.1371/journal.pone.0189619.t005

###### Blood parameters related to the lipid metabolism of laying quails receiving diet with and without inclusion of cinnamon powder.
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                        Average ± SE        *P*~*value*~        
  --------------------- ------------------- ------------------- ---------------------------------------------
  GLUCOSE (mg/dL)       318.80 ± 4.994      318.20 ± 2.922      0.9200
  CHOLESTEROL (mg/dL)   235.40 ± 5.826      229.20 ± 4.106      0.4097
  URIC AC. (mg/dL)      4.82 ± 0.245        7.40 ± 0.348        0.0003[\*](#t005fn002){ref-type="table-fn"}
  TRIGLYCERI (mg/dL)    1286.40 ± 70.627    1516.60 ± 37.742    0.0207[\*](#t005fn002){ref-type="table-fn"}
  VLDL (mg/dL)          257.40 ± 63.568     300.40 ± 6.675      0.0252[\*](#t005fn002){ref-type="table-fn"}
  CK (U/L)              3529.20 ± 412.140   2241.60 ± 116.270   0.0169[\*](#t005fn002){ref-type="table-fn"}
  CRETININE (mg/dL)     0.180 ± 0.020       0.20 ± 0.001        0.3466
  AST (U/L)             420.00 ± 4.370      402.20 ± 16.560     0.3291
  ALT (U/L)             1.60 ± 0.245        2.40 ± 0.245        0.0497[\*](#t005fn002){ref-type="table-fn"}

CK---Creatine kinase; AST--Aspartate aminotransferase; ALT--Alanine aminotransferase; TRIGLYCERI--Triglycerides; VLDL--Very low density lipoprotein. The results are average with their standard errors (SE).

\* Significant by the Student's t test (P \<0.05).

Catalase activity and TBARS {#sec013}
---------------------------

There was a significant effect of the addition of cinnamon to the diet on the amount of thiobarbituric acid reactive substances (TBARS) (*P* = 0.0158) and on the activity of the enzyme catalase (CAT) (*P* = 0.0033) in the birds' liver. The birds of the CPS treatment group presented decreased values of TBARS and enzymatic activity; 0.117 nmoles/mg PTN vs. 0.086 nmoles/mg PTN, and 4,585 H~2~O~2~/min/mg PTN vs. 2,304 H~2~O~2~/min/mg PTN) for TBARS and CAT, respectively ([Fig 1](#pone.0189619.g001){ref-type="fig"}).

![Level of TBARS (nmoles/mg of protein) and CAT enzyme activity (H2O2/minute/mg of protein) in the liver of laying quails receiving diets with (CPS) and without cinnamon powder (NCS).\
The results are average with their standard errors represented by the vertical bar. \* Significant by the Student's t test (P \<0.05).](pone.0189619.g001){#pone.0189619.g001}

Gene expression {#sec014}
---------------

There was a significant difference in *SOD* mRNA expression (P = 0.0074) and *GPx7* (P = 0.0001) between the treatments. In [Fig 2](#pone.0189619.g002){ref-type="fig"}, it is possible to observe that the birds fed CPS diet showed higher expression of *SOD* and *GPx7* than animals of the NCS treatment.

![Expression of *SOD* mRNA and *GPx 7* (AU) in the liver of laying quails receiving diets with (CPS) and without cinnamon powder (NCS).\
The results are average with their standard errors represented by the vertical bar. \* Significant by the Student's t test (P \<0.05).](pone.0189619.g002){#pone.0189619.g002}

A significant difference was observed for *ACC* mRNA expression (P = 0.0001), *FAS* (P = 0.0004) and *APOAI* (P = 0.0159); the expression of these genes was higher in the CPS treatment (31.33, 36.03, and 834.27 AU, respectively), as described in [Fig 3](#pone.0189619.g003){ref-type="fig"}. There was no effect of cinnamon addition on *APOB* mRNA expression (P\> 0.05).

![Expression of mRNA *ACC*, *FAS*, *APOA* and *APOB* (AU) in the laying quail's liver receiving diets with (CPS) and without cinnamon powder (NCS).\
The results are average with their standard errors represented by the vertical bar. \* Significant by the Student's t test (P \<0.05).](pone.0189619.g003){#pone.0189619.g003}

The treatments evaluated significantly influenced estrogen receptor 2 gene expression (P = 0.032); birds that received cinnamon inclusion had higher *ESR2* expression than birds that consumed basal diet (0.73 vs. 0.44 AU). There was no significant difference between treatments for *ESR1* gene expression (P = 0.201) ([Fig 4](#pone.0189619.g004){ref-type="fig"}).

![Expression of *ESR1* and *ESR2* (AU) mRNA in the laying quail\'s liver receiving diets with (CPS) and without cinnamon powder (NCS) added.\
The results are average with their standard errors represented by the vertical bar. \* Significant by the Student's t test (P \<0.05).](pone.0189619.g004){#pone.0189619.g004}

Discussion {#sec015}
==========

Quail in the posture phase are more prone to metabolic disturbances and susceptible to free radical damage; this can be justified by the intense metabolism demanded for continuous egg production and environmental stress \[[@pone.0189619.ref001],[@pone.0189619.ref002]\]. These factors may adversely affect the proper functioning of the organism, since some metabolic disturbances and the action of free radicals may alter organ morphometry \[[@pone.0189619.ref020]\] and impair egg production.

ROS are molecules with unstable electrons that can cause degeneration and cell death. These molecules can originate from endogenous or exogenous sources, and when in excess in organisms with metabolic imbalances, can cause damage from the lipid structures of membranes and even the genetic material of cells \[[@pone.0189619.ref021],[@pone.0189619.ref022]\]. The antioxidant defense systems rely on the action of substances that have the function of protecting the organism against damage caused by ROS \[[@pone.0189619.ref023]\]. Among these are enzymatic and non-enzymatic antioxidants, such as eugenol, a compound present in cinnamon, which binds to free radicals by donating a hydrogen molecule, thus promoting the stability of the radicals, and minimizing the damage caused by them \[[@pone.0189619.ref012]\].

Among the enzymes important for the antioxidant defense system we can highlight superoxide dismutase (SOD), which acts in the control of the production of free radicals, converting superoxide molecules into hydrogen peroxide and oxygen. Hydrogen peroxide (H~2~O~2~) is then eliminated through reactions catalyzed by the enzyme catalase and by the glutathione system that converts H~2~O~2~ to water and molecular oxygen \[[@pone.0189619.ref024]\]. In this work, it was observed that birds that received the addition of 9g/kg of cinnamon in the diet had higher hepatic expression of the *SOD* and *GPx7* genes than the treatment animals that did not receive supplementation, indicating that cinnamon supplementation may promote an improvement in the antioxidant defense of the organism, not only because it contains compounds that can act directly in the defense against the ROS \[[@pone.0189619.ref012]\], but also because it modulates the expression of antioxidant enzymes, such as SOD and GPx. Different from that which was expected, the birds of the treatment without cinnamon supplementation presented higher activity of the catalase enzyme (CAT), suggesting that the phenolic compounds present in cinnamon may have different actions on the various enzymes with antioxidant action. According to Rompelberg et al. \[[@pone.0189619.ref011]\], phenolic compounds such as eugenol mainly influence the activity of enzymes of the glutathione system.

Besides the higher expression of the genes related to the antioxidant capacity, we also observed that birds fed the CPS diet had a lower content of TBARS and higher plasmatic uric acid content than birds fed the NCS diet. Uric acid is considered a potential non-enzymatic antioxidant defense molecule, as it acts as a substrate for ROS oxidation when antioxidant defense systems are not efficient \[[@pone.0189619.ref025],[@pone.0189619.ref026]\]; thus, the higher content of uric acid observed in the birds receiving CPS diet may suggest that reduced uric acid content was necessary to act as an electron donor for free radicals because there was greater equilibrium in the neutralization reactions of ROS in CPS birds. On the other hand, in situations where a greater amount of ROS is being produced and there is no higher activity of antioxidant defense systems, a state of oxidative stress can be established in the organism, causing greater damage to macromolecules such as proteins and lipids \[[@pone.0189619.ref027],[@pone.0189619.ref028]\]; as a result, the lower amount of TBARS observed in birds fed the cinnamon diet showed that cinnamon exhibited sufficient antioxidant activity to combat ROS produced in the liver of Japanese quails in the posture phase and to ensure metabolic balance.

Besides to TBARS, higher plasma content of CK was also observed in birds receiving the NCS diet. This may indicate that there was more oxidative damage to the muscle proteins of these birds than those treated with cinnamon addition, since elevated levels of serum CK is an indication of changes in cell membrane permeability as a result of tissue damage \[[@pone.0189619.ref029]\], mainly caused by ROS; membranes damaged by ROS can rupture, causing the cellular contents to extravasate.

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are important enzymes for the identification of inflammation and viral infections in the liver, since when detected at high levels in the bloodstream, they may be associated with acute liver diseases \[[@pone.0189619.ref030]\]; therefore, these are considered physiological markers of some types of damage. In this study, we detected a high level of plasma ALT in animals fed cinnamon; however, according to Georgakouli et al. \[[@pone.0189619.ref030]\], this cannot be associated with damage caused by free radicals since there is a low correlation between the level of ALT and the damage caused by ROS to liver tissue cells, since these damages are latent and signaling through the circulating ALT level comes from acute damage.

Others manuscripts show the importance of a balance between the production and elimination of free radicals for a good productive performance of birds in posture \[[@pone.0189619.ref031],[@pone.0189619.ref032],[@pone.0189619.ref033]\]. We did not observe any improvement in the percentage of posture due to cinnamon supplementation; however, animals fed cinnamon supplementation presented better conversion by egg mass. This suggests that due to the better metabolic balance achieved with the supplementation of this antioxidant in the diet, there may have been greater mobilization of nutrients for the egg composition of these birds.

The egg has a formation period of approximately 24 hours, which begins soon after ovulation when the yolk is collected by the infundibulum \[[@pone.0189619.ref034]\]. The yolk precursors are synthesized in the liver in enzymatic reactions that produce the lipid components that will be transported to the ovary via the blood stream in the form of very low density lipoprotein (VLDL). In general, the synthesis of fatty acids begins with the formation of malonyl-CoA with the acetyl-CoA-carboxylase (ACC) enzyme catalyzing this reaction. From this, the multienzymatic fatty acid synthase (FAS) system promotes reactions in successive cycles in which pairs of carbon atoms are coupled to the molecule until the fatty acid is formed \[[@pone.0189619.ref035],[@pone.0189619.ref036]\].

The VLDL lipoprotein is essential in the process of transporting the precursors of the egg yolk, since they are of lipid origin, and therefore insoluble in the blood; in order to be transported through the bloodstream, they bind to molecules that allow their transport and recognition in the target tissue, such as apoproteins \[[@pone.0189619.ref002]\]. The apoproteins A (APOA) and B (APOB) are the two main types, however, they present different functions; the first is associated with the transport of lipids from the tissues to the liver for the production of energy by the oxidation of fatty acids, therefore it is more commonly found in the high density lipoproteins (HDL), while APOB is related to the low and very low density lipoproteins (LDL and VLDL), and it is in the form of these lipoproteins that the transport of triglycerides synthesized in the liver to the target tissues occurs. These are key structures in metabolism, not only because they carry the transport of molecules of lipid origin, but also because they promote the recognition of these molecules in the receptors of cells of target tissue \[[@pone.0189619.ref037]\].

In our work, we observed that birds fed cinnamon supplementation had greater expression of the *ACC* and *FAS* genes, as well as a higher plasma content of triglycerides and VLDL. This may have been mediated by the action of estradiol (ES2), since a greater expression of this receptor in the liver of the birds that received cinnamon supplementation has been observed, and studies show that E2 produced in large quantities by the pre-ovulatory follicles induce greater expression of genes related to lipid synthesis \[[@pone.0189619.ref038]\], as well as higher content of VLDL \[[@pone.0189619.ref039]\]. These results suggest that greater lipid synthesis and greater triglycerides and VLDL content is occurring related to the production of yolk precursors, and may be associated with the better feed conversion by egg mass observed in birds receiving cinnamon in the diet, since it is possible that cinnamon has promoted a greater mobilization of nutrients for the formation of the eggs. The higher production of lipids in laying birds is related to the greater requirement demanded for reproductive organs to be supplied with lipids that will be destined for egg production or for use as precursors of steroid hormones \[[@pone.0189619.ref040],[@pone.0189619.ref041]\].

It is possible that disorders of lipid metabolism associated with a greater production of free radicals can cause alterations in the morphometry of important organs. The higher expression of genes related to lipid synthesis has been associated with increased fat deposition \[[@pone.0189619.ref042]\], and this higher production of fatty acids may be related to the onset of hepatic disorders \[[@pone.0189619.ref001]\]. In the present study, although we observed greater expression of ACC and FAS genes in birds fed cinnamon, we did not observe a significant effect of diet on visceral fat deposition nor on relative liver weight. These results may be associated with the higher APOA gene expression also observed in these animals, since APOA is involved in the transport of lipids from the peripheral tissues to the liver where they will be metabolized, resulting in the lower deposition of abdominal fat as well as the greater expression of this gene \[[@pone.0189619.ref043]\].

According to Rodríguez et al. \[[@pone.0189619.ref020]\], the proper development of the organs implies a better utilization of the nutrients. For laying birds, the productive efficiency may be related to the complete development of the reproductive and digestive systems. In this work, it was observed that cinnamon supplementation increased the weight of the ovary, and reduced the weight of the intestine and pancreas. Since free radicals can decrease the fertility of the birds if the tissues do not have efficient antioxidant mechanisms, the results found in this study may suggest that the greater antioxidant capacity provided by the supplementation of cinnamon was able to maintain the metabolic balance, guaranteeing a better intestinal environment, and favoring the absorption of nutrients, which may have resulted in better development of the reproductive system and making the birds more efficient in producing eggs.

In general, the supplementation of cinnamon powder in the laying quail diet influenced the expression of genes related to antioxidant systems and to lipid metabolism, making egg production more efficient, since it promoted balance in the body in a phase of intense metabolic demand.
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